John P. Lemmon, [a] Daiwon Choi, [a] Manjula I. Nandasiri, [a] Ali Hashmi, [d] Jie Xu, [e] Radha K. Motkuri, [a] Carlos A. Fernandez, [a] Jian Liu, [a] Melvin P. Tucker, [f] Peter B. McGrail, [a] Bin Yang,* [b] and Satish K. Nune* [a] Low-cost renewable lignin has been used as a precursor to produce porous carbons. However, to date, it has not been easy to obtain high surface area porous carbon without activation processes or templating agents. Here, we demonstrate that low molecular weight lignin yields highly porous carbon with more graphitization through direct carbonization without additional activation processes or templating agents. We found that molecular weight and oxygen consumption during carbonization are critical factors to obtain high surface area, graphitized porous carbons. This highly porous carbon from low-cost renewable lignin sources is a good candidate for supercapacitor electrode materials.
Due to increased energy consumption, efficient and cost-effective electrical energy storage systems are highly desired. Current electrochemical energy storage systems can be classified into three different systems, based on their performance and energy storage mechanisms: batteries, supercapacitors, and capacitors. [1] Supercapacitors have drawn attention because they bridge the gap between batteries (high energy and low power) and capacitors (low energy and high power). [2] The potential of supercapacitors is starting to be realized in transportation as well as consumer electronics; however, their use is relatively limited because of poor performance (low energy density) and high cost. [3] Supercapacitor electrodes based on highly conductive, chemically stable, high surface area, lowcost, porous carbon materials are highly desired to increase the overall electrochemical performance. [4] Porous carbon materials have been produced from a wide range of carbonaceous precursors such as coal, synthetic polymers, and natural biomass.
[5] In particular, tremendous efforts have been made to produce porous carbons from low-cost renewable biomasses such as nutshell, wheat straw, wood, waste paper, and lignin.
[5b, 6] More importantly, lignin, the most abundant natural aromatic polymer in plants, can be obtained from a variety of low-cost precursors such as woody plants and even industrial waste such as paper mill effluents. [6d, 7] Lignin is a main component of lignocellulosic biomass (15-30 % by weight, 40 % by energy), together with cellulose and hemicelluloses. [7d, 8] Unlike cellulose, which consists of single intermonomeric linkages, lignin has no structural regularity within its polymeric framework and is mainly comprised of carbon and oxygen.
[9] Lignin can be used in various applications, including energy storage, ethanol production, asphalt, resins, and others. [10] Recently, lignin-containing nanocomposites such as lignin-polypyrrole and lignin-graphene hybride electrodes were demonstrated for energy storage.
[10a, b] More importantly, lignin represents a major low-cost alternative candidate for the production of porous carbons.
There have been notable efforts to produce porous carbons from lignin because of the aforementioned advantages. In order to obtain high surface area carbons, physical or chemical activation steps are typically required, which adds to the process's overall complexity.
[6d, 7d, 11b, c, 12] For this reason, we are motivated to study the formation of porous carbons from lignin without such added steps. Physical activation generally consists of carbonization and additional activation steps with CO 2 or steam. [11b, 13] 15] Porous carbons have also been synthesized from lignin by using templating agents such as silica and Pluronic F127 in conjunction with activation to induce porosity. [12a, b] Recently, a chemical-activation-free synthesis of porous carbon from lignin was also reported using templating agents such as Pluronic F127 and zeolites.
[16] With the Pluronic F127 template, surface areas up to 418 m 2 g À1 were obtained. [16a] Using zeolite templates, porous carbons with 650 to 950 m 2 g À1 surface area
were synthesized from lignin precursors. [16b] In this case, the surface area of the resulting carbons was strongly dependent on zeolite type, and additional template-removal was necessary.
[16b] Interestingly, porous carbons having high surface areas, up to 1195 m 2 g
À1
, can be synthesized via thermostabilization and carbonization of electrospun lignin fibers without additional activation steps. [17] Ideally, if one could synthesize highly porous carbon from lignin in a simple one-step process without additional processing, activation steps, or templating agents, then the total production cost and process complexity would be reduced. Unfortunately, recent attempts towards this goal often resulted in carbons of even lower surface area (< 100 m 2 g
).
[6d, 7d]
Herein, we demonstrate for the first time the synthesis of high surface area porous carbon (1092 m 2 g
) through the direct (one-step) carbonization of lignin without any activation steps or templating agents (Scheme 1). Three lignins that differ in their molecular weights (purified Kraft lignin, ethanol-extracted lignin, and diluted alkali lignin) are used as precursors and their ability to generate porous carbon is evaluated. Each is evaluated as electrode materials for supercapacitor applications. Interestingly, we find that molecular weight plays a major role in porosity and the subsequent electrochemical performance of the carbonized product. The results demonstrate the promise of using a renewable feedstock such as lignin in energy storage applications and also demonstrate that not all lignins produce the same type of porous carbon.
In order to investigate the properties of the three different lignins, gel permeation chromatography, X-ray photoelectron spectroscopy (XPS), and nitrogen sorption measurements were carried out ( Table 1 ). The weight average molecular weights (M w ) of purified Kraft lignin (PKL-1098), ethanol-extracted lignin (ETL-1710), and diluted alkali lignin (AL-2596) were 1098, 1710, 2596 g mol
, respectively. The porous carbons derived from PKL-1098, ETL-1710, and AL-2596 are designated as CKL-1098, CETL-1710, and CAL-2596, respectively. The number following the sample name is the molecular weight of the lignin precursor used.
All lignin extracts contained a significant amount of oxygen, varying from 21 to 29 at % due to the presence of oxygen-containing functional groups such as carbonyl, benzyl alcohol, phenolic hydroxyl, ether, and methoxyl groups.
[7d, 18] Some samples exhibited trace nitrogen, silica, calcium, and sulfur. Based on scanning electron microscopy (SEM) images, no obvious pore structure was observed for the lignin precursors (Supporting Information, Figure S1 ). From nitrogen sorption experiments, the measured Brunauer-Emmett-Teller (BET) surface area of all the lignin precursors was low (Table 1; less than  15 m  2 g   À1 ). These results indicate that (before carbonization) the lignin precursors were not very porous.
However, after carbonization of the lignin extracts, porosity greatly increased. All lignin-derived porous carbons exhibited steep increases in nitrogen uptake in the low-pressure range (P/P 0 < 0.05), which is typical of type I isotherms (Figure 1 a) . [19] This large nitrogen uptake in the low-pressure regime indicates that all porous carbons had predominantly microporous structures (pore size < 2 nm). Among the lignin-derived porous carbon residues, carbonized low molecular weight lignin, PKL-1098 (CKL-1098) exhibited the largest nitrogen uptake while carbonized high-molecular-weight AL-2596 (CAL-2596) had the lowest. From nitrogen adsorption isotherms, the BET surface areas of the porous carbons obtained for CKL-1098, CETL-1710, and CAL-2596 were 1092, 519, and 126 m 2 g
, respectively (Table 1 ).
Scheme 1. Schematic of lignin, obtained from wood, being carbonized to produce supercapacitor electrodes. ) produced from electrospun lignin fibers. [16] [17] The pore size distribution was obtained by density functional theory (DFT) from nitrogen isotherms (Figure 1 b) . All porous carbons possess mainly micropores, and CKL-1098 had a larger degree of microporosity than other porous carbons, which is supported by its higher nitrogen uptake. CETL-1710 shows mesopores around 2.7 nm in addition to microporosity, corroborated by hysteresis loops, illustrated in Figure 1 a. [19] It is interesting that molecular weight should have such a strong influence on surface area. To understand this relationship we next discuss the mechanism of pore formation in carbonized lignins.
[6d, 7d] For physical activation processes, activation agents such as CO 2 and H 2 O lead to gasification of carbon [Equations (1) and (2)] to generate porosity.
Our lignin contained a significant amount of oxygen (21 to 29 at %) associated with various oxygen-containing functional groups.
[7d] During lignin pyrolysis, gaseous CO, CO 2 , and H 2 O are generated as a result of decarbonylation, decarboxylation, and dehydration reactions with small amounts of other byproducts including methane, acetic acid, and methanol.
[7d, 22] We hypothesize that during carbonization, a fraction of oxygen-containing functional groups undergo decomposition, and generate gaseous CO 2 and H 2 O, which act as internal physical activation agents, leading to highly porous carbons. [17] This hypothesis is supported by the correlation between surface area and oxygen consumption before and after carbonization ( Table 1) . The most porous carbon, CKL-1098 showed a much higher consumption of oxygen during carbonization (from 21.1 to 3.5 at %) as compared to the least porous carbon, CAL-2596 (from 28.8 to 14.5 at %). CETL-1710 showed a slightly higher oxygen consumption (from 24.6 to 6.8 at %) than CKL-1098, but the surface area was half of CKL-1098. This result suggests that oxygen consumption is not the only critical factor affecting porosity. Low molecular weight lignin perhaps has higher chain mobility, higher free volume, and more end groups, allowing for lignin segments to carbonize more easily, leading to a more porous carbon structure. [23] Raman spectroscopy was performed on all lignin precursors and the carbonized porous carbon residues. The lignin samples did not have distinctive Raman features, which is probably due to lignin's disordered structure ( Supporting Information, Figure S2) .
[7d] However, after direct carbonization, the typical D and G peaks were observed (Figure 2 a-c) , which clearly indicates that lignin was converted to graphitized carbon.
[24] To further investigate the structural characteristics, the Raman spectra were deconvoluted into four peaks placed at 1200, 1338, 1500, 1590 cm À1 , attributed to D4, D1, D3, and G bands.
[24b, 25] G and D3 peaks are attributed to ideal graphitic carbon and amorphous carbon, respectively.
[4c, 24b, 25] Interestingly, the three different porous carbons (CKL-1098, CETL-1710, and CAL-2596) showed different deconvolution profiles (Supporting Information, Table S1 ). CKL-1098 had the highest percentage of G band and the smallest percentage of D3 (Figure 2 d) . On the other hand, CAL-2596 possessed the smallest G band and highest D3. This trend strongly suggests that a low molecular weight lignin precursor (PKL-1098) produces more graphitized and ordered carbon structures with less amorphous content whereas a higher molecular weight lignin precursor (AL-2596) result in more disordered carbon. Notably, PKL-1098 also yielded the highest surface area among all other carbonized lignin samples explored.
The lignin-derived porous carbons were evaluated as supercapacitor electrodes in a symmetric two-electrode coin cell with 1 m H 2 SO 4 as electrolyte. Cyclic voltammetry and galvanostatic charge/discharge measurements were carried out from 0 to 1 V. At a scan rate of 10 mV s
, CKL-1098 showed the largest current response during cyclic voltammetry, demonstrating superior charge storage over the other carbonized lignins (Figure 3 a) . None of the three porous carbons showed distinctive peaks, consistent with charge storage mainly by electrical double-layer capacitance. [26] It is known that oxygen-containing functional groups can potentially contribute to the capacitance by providing additional pseudocapacitance.
[4c, 27] However, CAL-2596, which contained the highest oxygen content (14.5 at %) exhibited the lowest surface area and capacitance (Table 1 and  Table S2 ). From these results, it is fair to conclude that surface (Figure 3 b inset) , which indicates that there is no significant limitation of electrolyte mass transport up to 100 mV s À1 . [28] The capacitance of porous carbons obtained from cyclic voltammetry at different rates is shown in Figure 3 Table S2 (Supporting Information) shows capacitances obtained from other discharge currents. The strong variation in capacitance and molecular weight, as observed in cyclic voltammetry and galvanostatic charge/discharge, are related to differences in surface areas and degree of graphitization of the porous carbons.
[4c] As molecular weight decreases, surface area and graphitization increase, ultimately leading to increases in capacitance. Equivalent series resistances of porous carbons were calculated from discharge curves (Supporting Information). CKL-1098 had the lowest equivalent series resistance (ESR) most likely due to its high degree of graphitization. The equivalent series resistances of CKL-1098 and CETL-1710 were 7.5 and 25 W at 2 A g À1 of discharge current, respectively.
The specific energy and power for porous carbon residues CKL-1098 and CETL-1710 were calculated and displayed in a Ragone plot (Figure 3 e) . CKL-1098 exhibited the highest specific energy (12.8 Wh kg
) with a corresponding specific power of 1006 W kg
, consistent with its high surface area and less defective structure. This specific energy is higher than that of typical carbon nanotubes, [29] but smaller than that of other pseudocapacitors such as RuO 2 [30] and polyaniline nanocomposites. [31] Here, the specific energy and power for our materials were comparable to other porous carbons having similar mass loadings (~0.8 mg cm À2 ).
The cycling stability of CKL was investigated (Figure 3 f) . After 10 000 cycles CKL-1098 maintained 80 % of the original capacitance, demonstrating its robust nature.
In conclusion, we demonstrate for the first time a simple and efficient one-step method to obtain high surface area porous carbons from renewable and low-cost lignin precursors. In this study, we demonstrate the synthesis of lignin-derived porous carbons through direct carbonization without addition of activation or templating agents. The molecular weight of the lignin precursor plays an important role, as does the extent of oxygen consumption during carbonization, where lower-molecular-weight lignin precursors produce less defective and higher surface area porous carbons. The renewable low molecular weight porous carbon derived from Kraft lignin possesses the highest surface area (up to 1092 m 2 g À1 ). These carbonized residues exhibit relatively good electrochemical performance in terms of high specific capacitance, high energy density and power, with good capacity retention. www.chemsuschem.org
